Nowadays, the advantages of short fibers as reinforcement in cement based materials are well known. In this paper, the effect of hybridization of short polypropylene (PP) and carbon fibers on flexural properties of a fine aggregate concrete has been investigated. Samples with dimensions of containing 2 vol% of the polypropylene and carbon fibers with 6 and 8mm length were made. The PP to carbon fiber proportion in the samples were selected as 100:0, 75:25, 50:50, 25:75 and 0:100. A four-point bending test was carried out on all the samples to investigate the flexural behaviour. It was found that the addition of carbon fibers significantly increases the flexural load (i.e. 260%). The application of PP fibers leads to a 2590% increase in the toughness compared to the control sample. It was also found that the sample with carbon to PP ratio of 75/25 shows the optimum results and it leads to 190% and 2070% increment in the flexural load and toughness, respectively, in comparison to the control sample.
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Introduction
Cement materials are brittle in nature and their flexural and tensile strengths are much lower than their compressive strength. Utilization of short staple fibers is one of the effective methods to overcome this weakness [1] [2] [3] . Usually, the addition of fibers into the matrix improves flexural strength, energy absorbent capacity, ductility and toughness of the composite [4, 5] .
The effect of utilizing a variety of fibers such as steel fibers [1] , glass fibers [6], carbon fibers [7] , synthetic fibers [2, 8] and natural fibers have been investigated. Fibers with high strength/modulus lead to an increase in composite strength, while low modulus fibers increase the ductility of the composite. The use of hybrid fibers has also been considered in order to achieve both high strength and ductility [9] .
Carbon fibers are high strength/modulus fibers which are alkali resistant [10] . Therefore, they have been used as reinforcement in cement based composites. The addition of carbon fibers leads to significant improvement in flexural strength of cement paste and concrete. Both the tensile and flexural strengths of the cementitious materials increase with an increase in the fibers length and content [11] [12] [13] . For example, the addition of 0.6 vol% of carbon fibers 30mm in length has increased the concrete flexural strength and ductility by 20% and 50%, respectively [14] .
Generally, carbon fiber reinforced concretes show good tensile and flexural properties, low dry shrinkage, high specific heat, low thermal conductivity, high electrical conductivity and high abrasion resistance [15] . However, the usage of these fibers leads to an increase in the composite cost.
Polypropylene fiber is a kind of polymeric fiber with low strength/modulus and high elongation. The effect of the PP fibers length and content on the physical and mechanical properties of the concrete has already been investigated. The utilization of 0.35 vol% of PP fibers 12mm in length has improved the flexural strength of the concrete by 30% [16] .
In the case of hybrid systems, steel fibers with high strength/modulus are usually used with a kind of synthetic fiber. Yao et al. [17] studied the compressive, tensile and flexural behavior of three types of hybrid composites containing carbon-PP, carbon-steel and steel-PP fibers with 0.5 volume percentage. The maximum strength and ductility have been obtained using the carbon-steel fiber reinforced sample. This is due to the same modulus and synergistic interaction between two reinforcement fibers.
Song et al. [18] also investigated the effect of the combination of the carbon and steel fibers on compressive and impact properties of the concrete. It was found that the hybridization of these two fibers could enhance the concrete performance in macro crack bridging and micro crack delaying.
The hybridization of the PP and steel fibers at different content and ratio has been used as well. The best flexural, tensile and compressive behavior has been achieved using the sample with a steel/PP ratio of 75:25 [19] [20] [21] . The compressive strength, flexural strength and deflection of the sample containing 1 vol% steel/carbon fibers with a ratio of 75:25 have been increased to 18%, 80% and 84%, respectively in accordance with the control sample [19] .
It is obvious that although the hybridization of fibers has been widely investigated, the combination of carbon and polypropylene fibers has not been exactly considered. It should also be noted that the researchers usually focus on the properties of cement paste, mortar or ordinary concrete. This is while the properties of the matrix could have a significant effect on the interfacial interaction between the fibers and matrix.
Engineered cementitious composite (ECC) is a new type of fiber reinforced concrete. Coarse aggregates have been removed from the mix design and it contains 2 volume percentages of fibers. ECC shows multiple cracking and thus strain hardening behavior during loading [22, 23] .
Although the effects of utilizing a variety of natural and synthetic fibers have been investigated on the mechanical properties of the ECC, no report has been observed regarding the usage of the carbon fibers in this material. Therefore, in this paper, carbon fibers (as primary reinforcement) and polypropylene fibers (as secondary reinforcement and cost regulator) were used in the ECC mix design. The effects of fibers on flexural behavior of the composite in single and hybrid usage form were investigated.
Experimental

Materials and Methods
Portland cement type I, manufactured by Tehran Cement Company was used in this study. Fine aggregate silica sand with sand to binder ratio of 0.36 and the maximum grain size of 210μm was used to maintain adequate stiffness and volume stability of the matrix. In order to obtain self-consolidating fresh properties of the matrix, the aggregate particle size of the components of the mix design should be properly graded [24] . Figure 1. shows the particle size distribution of the used silica sands. The mix design was selected in accordance with a commercial ECC mix design (i.e. ECC-M45), which is illustrated in Table 1 . The water to cementitious material ratio (w/cm) was 0.256. Polypropylene and carbon fibers, which are illustrated in Figure 2 . and their hybrid were used as reinforcement in the ECC mix designs. Table 2 . shows the properties of the fibers. 
Sample Preparation
Flexural test samples were made with dimensions of . 5 specimens were prepared for each sample to confirm the repeatability of the test results.
The hybrid of the carbon to polypropylene fibers (C:PP ratio) was performed at proportions of 100:0, 25:75, 50:50, 75:25 and 0:100. The fibers were used at 2 vol% in the mix design. The control sample (without fiber) was also prepared.
The samples were cured in a water bath for 28 days and then removed and a four-point bending test was carried out on them.
Four-Point Bending Test
A four-point bending test was carried out on all the samples according to the ASTM C78 standard test method [25] . The STM-150 universal test machine with a 2000 kg.f load cell was used. The loading rate was 1 mm/min. Figure 3 . shows the setup of the four-point bending test. 
Parameters Definition and Calculating Method
The flexural strength and toughness of the samples at first crack point and post crack region were calculated. First crack is defined as the point at which the curve becomes nonlinear. Flexural toughness is defined as the surface area under the load-deflection curve up to a definite deflection point. The deflection at the first crack point (i.e. d), 3d and 5.5d were determined according to the standard. The flexural toughness values (i.e. T d , T 3d and T 5.5d ) were calculated using the surface area under the load-deflection curves of the samples up to the determined deflection (i.e. d, 3d and 5.5d, respectively) [26] . The flexural toughness was also calculated at the deflection of 10 mm (i.e. T m ) due to the high ductility of the samples.
Toughness indices (I5, I10 and I m ) which represent the composite behaviour up to a definite deflection were also calculated as follows [26] :
(1)
The residual strength factor (R5,10) is the other parameter which represents the average strength retained after the first crack as a percentage of the first crack strength between 3d and 5.5d deflections (see Equation 4 ). The value of this factor is 100 for perfectly plastic material and 0 for plain concrete. The values of less than 50 indicate the inferior performance and the values between 50 and 100 indicate that the behaviour of the material has been close to the plastic materials behaviour [26] . 
Results and Discussions
As illustrated in Figure 4 , the control sample (without fiber) is brittle and its flexural load is about 216 N. Generally, the addition of fibers improves the flexural behaviour of the composite. The sample with 2 vol% carbon fibers shows brittle behaviour as well. However, the flexural load and deflection have been increased by 260% and 330%, respectively.
The sample reinforced by 2 vol% polypropylene fibers shows tension softening behaviour. This means that the fibers bridge on the crack after the first crack creation and resist crack opening. By increasing the applied load, the cracks propagate and the sample shows plastic behaviour. In this region, the applied load leads to fibers elongation and thus energy dissipation. Although the first peak of this sample is similar to the control sample, its deflection is 48 times more than the deflection of the control sample. This leads to a significant increase in its flexural toughness. On the basis of the results, it seems that hybridization of the carbon and polypropylene fibers could lead to simultaneous improvement in the flexural load and the toughness. If this assumption is true, the second step would be finding the optimum hybridization ratio. It should be mentioned that the flexural loads of the hybrid samples have been increased from 58% to 190% in comparison to the control sample (see Figure 6 ). This is related to the high strength/modulus carbon fibers. The flexural load of the composites decreases with a decrease in the carbon fibers and its replacement by polypropylene fibers. Figure 7 . shows the crack patterns of the samples. It is obvious that one micro crack has been created and propagated along the carbon fiber reinforced sample. However, several cracks have been created along the hybrid samples and the specimen containing polypropylene fibers. It is seen that these sample have not been fractured yet. The flexural toughness of the carbon fiber reinforced sample has been increased 20 times (i.e. 1920%) compared to the control sample, but this sample still shows brittle behaviour. The flexural toughness has not shown a significant difference by replacing carbon fiber with polypropylene fibers up to 50%. However, it has been increased for the samples containing more than 50% polypropylene fibers. The flexural toughness of the polypropylene fibers reinforced sample has been increased 33% in comparison to the sample reinforced just by carbon fibers (see Figure 8) . By an increase in the carbon fibers content, the first crack was created at higher deflections and at higher load bearing capacities. Therefore, the toughness values of the samples at the first crack point (i.e. T d ) have shown an inverse behaviour. This means that the T d and therefore the T 3d and T 5.5d have been decreased by a decrease in the carbon fibers content (see Figure 9 ). It should be noted that it was impossible to calculate these factors for the control and the carbon fiber reinforced sample, due to their brittle behaviour.
According to Figure 10 , the toughness indices are in a direct relationship with an increase in the polypropylene fibers content. This shows that the configuration of the composite would change from brittle behaviour to tension softening behaviour. This is in a good accordance with the flexural load-deflection curves of the samples. The residual strength factor (R 5,10 ) is the other parameter which has been investigated in this study. As illustrated in Table 3 , it can be seen that all the results are in the range of 0 to 100. The value of R 5,10 is close to 0 for the C:PP-75:25 sample. This means that the behaviour of this sample is similar to the regular concrete. However, the R 5,10 value of the polypropylene reinforced sample (i.e. C:PP-0:100) is near 100. This shows that the behaviour of the composite is close to the plastic materials behaviour.
Therefore, according to the results, it seems that the hybrid sample C:PP-50:50 represents a suitable load and toughness, which have been increased to 103% and 2080%, respectively, compared to the control sample. In addition, the cost of this sample is much less than the carbon fiber reinforced sample.
Conclusion
In this paper, the effect of using short carbon and polypropylene fibers individually and their hybridization as reinforcement in a kind of fine aggregate concrete has been investigated. The following results were obtained:
 Using carbon fiber as reinforcement causes a considerable increment (i.e. 260%) in flexural load of the fine aggregate concrete in comparison to the control sample (without fiber).  Using polypropylene fiber as reinforcement causes a considerable increment (i.e. 2590%) in flexural toughness of the fine aggregate concrete in comparison to the control sample.  Replacing 75% of carbon fiber with polypropylene fiber in the hybrid fibers system, caused a 56% decrease in flexural load, 20% increase in toughness, but considerable decrease in cost.  Replacing 25% of carbon fiber with polypropylene fiber caused a considerable decrease in the cost of fiber but negligible increase in toughness and about 20% decrease in flexural load.  Incorporating polypropylene fiber significantly improved flexural toughness and toughness indices, but even in the hybrid system, the samples still show pseudo brittle behaviour.
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